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This report was prepared as an account of Govermment-eponsored work,
Neither the United States nor the National Aeronautics and Space
Administration (MASA), nor any person acting on behalf of NASA:

A) Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, ar usefulness of the infarmation
contained in this report, or that the use of any information, apparatus,
method, or process disclosed in this report may not infringe privately-
owned rights; or

B) Assumes any liabilities with respect to the use of, ar for damages
resulting from the use of any information, apparatus, method or process
disclosed in this report.

As used above, "person acting on behalf of NASA®™ includes any employee or
contractor of MASA, ar employee of such contractar, to the extent that such
employee ar contractor of BASA or employee of such contractor prepares, dis-
seminates, or provides access to, any information pursuant to his employment
or contract with NASA, ar his employment with such contracter,
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SUMMARY >
QBYO

This is the third quarterly report for the "Study of Capacitors for Static
Inverters and Converters®,

The objectives of this study are: (1) to establish capacitor AC character-
istics and ratings for reliable operation in aerospace static inverter and ,
converter applications; and (2) to facilitate the proper capacitor selection -
to minimize volume and weight consistent with maximum equipment performance
and reliability,

This study was initiated because the significant capacitor volume, weight,
power loss and reliability factors in space applications of static inverters
and converters are at a premium and there are inadequate capacitor AC data
and characteristics to enable consistent performance predictions,

General Electricts Specialty Control Department in Waynesboro, Virginia is
conducting this study,

This covers the work accomplished from February 16, 1964 through May
16, 196 and containss

a) Capacitor power factor and capacitance measurements at 25°C,
b) Commtating capacitor loss measurements while operating in

an inverter,

¢) Analysis of commutating capacitor losses,
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INTRODUCTION

Capacitors being evaluated in this study are limited to those suitable for use
in aerospace static inverters and converters operating in space envirommemnts, -
Inverter rating guides used in this capacitor study are 115/200 volt, 3-phase,
hgso cycles, O,1 to 10,0 kilowatt outputs with input voltage ranges from 25 to
105 volts D,C,

A need for the "Study of Capacitors for Static Inverters and Converters® was
infiuenced by the stringent requirements imposed on capacitors by the operating
nature of the equipment in the space enviromment and by the general lack of
capacitor AC characteristics and data,

Appreciable heat is generated within commitating capacitors in static inverters
because the commtating current pulse frequencies are approximately 5 kilocycles
and usually some higher frequency ripple in the region of 50 kilocycles is
superimposed, Transfer of the heat generated in these and filter capacitors is
usually limited to conduction across their mounting surfaces to radiator cooling
systems on spacecraft, Ilack of adequate capacitor alternating current data and
characteristics in aerospace inverter applications could result in appreciable
woight and reliability factor penalties, Objectives of this study are te obtain
AC characteristics and data of capacitors to facllitate proper selection for
application in aerospace inverters and converters,

There are four (l;) phases in this study: (1) Defining Capacitor Statewof~the-

Art Surveys (2) Conducting Capacitor State-of-the-Art Survey; (3) Experimental
Testing of Capacitors; and (L) Capacitor Evaluation and Recommendations,

During the first and second quarterly report periods, the Capacitor Statewof-

the-drt Survey was defined and conducted, Sample quantities of metallized
polycarbonate, polycarbomate/foil and metallised paper capacitors were

for experimental testing, Results of the capacitor survey revealed that poly=-

carbonate dielectric eapacitors are considered state~of-the-art capacitorse

These capacitors approach metalliged paper capacitors in price, weight and

volume and have lower dissipation factors than metallized paper,

This is the third 1y report for the work accomplished between February
16, 196 and May 16, 196li, During this period, the third phase of the study,
Expem'imnbal Testing, was in progress, Test results included in this report
are capacitance and power factor measurements versus frequency at 2§°C
commtating capacitor loss measurements and amalysis of commtating capacitar

losses, .
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tance and tion Factor Tests

Darpose

Capacitance and dissipation factor values for polycarbonate and
paper capacitors are begﬁcdetem:med by test over a temperature
range from - 55°C to + and frequency range from LOO cycles/
second to 10 kilocyeles, These data will provide equipment
designers with characteristics that will facilitate proper selection
of capacitors for aerospace inverter and converter applications,
Temperature and frequency data are available for polycarbonate
dielectric film, but polycarbomate capacitors are constructed from
polycarbonate dielectric and other materials which can alter the
capacitor characteristic,

Descrip;bion of Tests

Capacitance values were determined with an impedance bridge
constructed for these tests an elementary diagram is shown in Figure
1, Capacitance values measured with this bridge compared very

favorably with values obtained with General Radio Model ?16-8 and
Sprague Model IW2 capacitance bridges,

Measurement of capacitor dissipation factors, that are within the
tolerances of most commercially available bridges, were determined
from calorimeter measurements, Comparison is then made with the
impedance bridge measurements, The difference or correction factor
between the two measurement methods was applied to the bridge
measurement data, These bridge data are considered relative since
uninown and stray capacitances are associsted with most bridges and
can introduce apprecliable errors when measuring such low dissipation
factors as 0,1 percent,

Use of the calorimeter is made in measuring the rate of heat being
generated from an electrical circuit immersed in a fluwid by
observing temperature rise of the fluid versus time, Calibration of
the calerimeter is accomplished by mounting resistors with kmown :
values of resistance in the calorimeter along with the capacitor to
be testeds, The resistor circuit is energiszed from a d.c. power
supply and the current flow is accurately measured, Temperature rise
of the calorimeter fluid is measured versus time, The calibration
circuit is energised for a sufficiently long period to cbtain a
constant rate of temperature rise (i.e, after thermal inertia lag

of the test specimen has been overcome,) A calorimeter calibration
curve is shown in Appendix A, Figure Aal,



Elementary Diagram of Impedance Bridge

R1=99.7 OHMS; CS-=,0l MFD.JGEN.RADIO STD. 1409L
CX= Capacitor under test
RC= Adjustable resistance (switch, fixed resistors and a potentiometer)
RD= Adjustable resistance (switch, fixed resistor and a potentiometer)
AMPE - Battery operated, single stage, transistor amplifier
M - Harmonic Wave Analyser - used as mull detector
Dissipation Factor = Rex = Rd_
Xes

Where Rox is the effective resistance of capacitor under test,

Capacitance: Rl = CX = CS(RC)
B %ﬁ “RI

= RDWCS

Figure 1
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Calculation of the heat imput to the calorimeter may be obtained
froms

I2R = Watts = °C/mimate

After calibrating the calorimeter, the capacitor is energized from

& variable frequency power supply with simusoidal voltage., Capacitor
dissipation factor (D,F,) losses are cbtained from measurement of
the RMS voltage across the capacitor, rate of temperature rise of

the calorimeter fluid and use of the following calculationss:

D,F, = Watts (rate of temperature rise/calibration rate of
temperature rise)
VA (Capacitor voltage squared times (27F) times

capacitance)
Shown diagramatically
VA

N )
Note: Since the angle alpha is generally small,
the dissipation factor is essentially the

power factor,

| Watts

Care was exercised to minimize the calorimeter heat loss rate
by conducting tests only when the calorimeter fluid ature
was within + 29C of the calorimeter extermal ambienmt (2 - 26%
within the enclosure), Calorimeter fluld temperature was
meagured with a thermometer having 0,1°C graduations,

A picture of the test equipment used is shown in Figure 2, Figure 3
shows the mounting of a capacitor, calibrating resistors and thermo-
meter to the top of a commerclally available vacumm bottle, which is
used as a calorimeter, The calorimeter shown in Figure 2 is in an
enclosure to prevent room air currents from striking the externsl
surfaces of the calorimeter that could alter the heat loss rate from
the calorimeter,
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Bridge data for eighty-five (85) capacitors have been obtained for
259C ambient, but the calorimeter tests to provide correction
factors for the bridge data have not been completed, There are
three (3) types of capacitors in this group of eighty-five:s (1)
metallized polycarbonate; (2) polycarbonate/foil; and (3) metallized
paper,

Results of Tests

Capacitor dissipation factors for metallized polycarbonate in 25°C
ambient are approximately 0,15 percent at L0OO cycles/second and
increase with frequency to approximately 1,0 percent at 10 kilocycles,
Bridge and calorimeter data for three (3) capacitor ratings are
tabulated in Tables A-l, A-2, and A3, Parit of these data are

plotted in Figures Lk, 5, and 6 to illustrate the variation of the
dissipation factors for a given capacitor rating, Similar data for
metallized paper capacitors are tabulated in Table A-l; and plotted

in Figure 6A for reference purposes,

Examination of the data in Tables A-l, A-2, and A-3 show an
approximate capacitance incresse of 2,0 percent from 400 cycles/
second to 10 kilocycles,

Dissipation factor measurement for one of the capacitors listed in
Table A-3 was extended to 50 kilocycles as showm in Figure 7 for
reasons given in section 2,3 of this report, It is interesting to
note the slope of the dissipation factor characteristic in Figure 7
at 50 kilocycles approximates the slope of 1 kilocycle,

Commutating Capacitor Tests

Purpose

Capacitor losses in commtating applications are of primary interest
t0 an equipment designer selecting commmutating capacitors for aero-
space inverter and converter equipment designs, A method of
correlating capacitor losses, while operating in commutating circuits,
to capacitor losses measured with more conventional test equipment
and simsoidal voltages is desired, Such a correlation method would
facilitate the proper capacitor type selection and preparation of
capacitor specifications by the equipment designer to obtain predicted
capacitor performance on a consistent basis,

Description of Test

A 2,5 microfarad, OO VIC metallised polycarbonate capacitor was
mounted in a calorimeter and itis dissipation factor determined
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utilizing simsoidal voltages over a frequency range from LOO cycles/
second to 50 kilocycles in a 259C anmbient,

While mounted in the calorimeter, the capacitor was comnected to a
static inverter and operated as a commtation capacitor, The
capacitor heat loss was calculated from the calorimeter measurements,
Calibrated oscilloscope pictures of the capacitor voltage and current
waveforms were cbtained during this test for use in analysis of the
capacitor losses,

Results of Test

The dissipation factor of the commtating capacitor was approximately
9 percent at 50 kilocycles in a 25°C ambient, The dissipation factor
versus frequency characteristic is shown in Figure 7.

Actual commtating capacitor losses while operating in the inverter
circuit were 0,91 watts and the capacitor voltage and current wave=
forms; during this test, are shown in Figure 8. The encircled portions
of the waveforms in Figure 8 were subjected to analysis, as described
in section 3,0 to determine the RMS volbage and currents, A detailed
wave analysls was considered necessary because the waveforms contain
a significant amount of ripple.

Analysis of Commutating Capacitor losses
Method of Analysis

Portions of the voltage and current waveforms that are emcircled in
Figure 8§ were subjected tc the following method of analysis to
determine RMS volt-amperes of the commutating capacitors

1) Voltage and current values from expanded portions of the wave-
forms as shown in Figures 9 and 10 were scaled at 5 micro-
second ordinates as illustrated in Figure 9, These scaled
values were squared and replotted as squared voltage and
current curves,

2) A polar planimeter was thenoused to measwre the areas under
these new curves (i.e, volt~seconds or amperel-seconds),

3) The areas under the squared voltage and current waves were
divided by the 40O cycle/second time base and the square
root of the resultant was taken to obtain RMS values of the
voltage and current,
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li) Since the basic frequency of the commtating current pulse
is considerably different than the ripple, an asswmption was
made that a part of the capacitor losses are associated with
this pulse volt-ampere value, It was assumed that the
commtating current pulse conformed to a quarter sine wave
function during an interval of 47,5 microseconds and had a
peak valve of 10,2 amperes, It was also assumed that the
voltage function during this time interval conformed to a
cosine function, From these assumptions, RMS voltage and
current values were calculated for smooth waveforms as shown
in Figure 11,

5) The RMS values cbtained in l;) above were subtracted fram
those obtained in 3) above, The difference between these
BRMS voltage and current values was associated with the ripple

frequency,

The RMS volt-ampere product, from the smooth commtating pulse,
and the capacitor dissipation factor at the commtating pulse
frequency yields that portion of the capacitor loss associated
with the commtation pulse,

Taking the RMS volt-ampere product, associated with the ripple
frequency, and the capacitor dissipation factor at the ripple
frequency yields that portion of the capacitor loss attributed
to the ripple,

Results of Analysis

The portion of the commutating capacitor loss associated with the
commtation pulse was calculated to be 0,307 watts, The calculated
loss attributed to the high frequency ripple was determined to be
0,662 watts, The sum of these two losses is 0,969 watts and compares
very favorably with the 0,91 watts for the commtating capacitor

loss as determined from calorimeter measurements,

Although the commutation pulse volt-amperes are 2,5 greater than the
volteamperes from the high frequency ripple the losses attributed to
the commtation pulse are approximately one-half that from the high
frequency riprle.
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Separation of losses as described in the method of analysis provides
a method of correlating commmtating capacitor losses while operating
in inverters and those obtained with simisoidal waveform measurements,
This analysis confirms the generally accepted rule that capacitor
losses are a function of the frequencies with which a dielectric is
worked, :

Calculations of the RMS voltages and currents and capacitor losses
from this analysis are contained in Appendix B,

Work Plammed for Next Quarterly Report Period

It is planned to complete the capacitance and dissipation factor
measurements for the eigthgafive (85) capacitors over an smbient
temperature range from -55°C to +85°C and frequency range from LOO
cycles/second to 10 kilocycles,

Approximately fifty (50) of these capacitors will be subjected to
endurance or life testing at 859°C ambient with rated and above rated
voltages for periods up to 1000 hours,

Vendors of capacitors, widch exhibit significant variations of
dissipation factors for a given capacitor rating will be contacted
and requested to determine the reasons for such signmificant variations,

Further testing for dissipation factors up to 80 kilocycles is planned
as a result of the commutation capacitor loss analysis,

Conclusions

Dissipation factors for metallised polycarbonate capacitors are
approximately one~half that for metalliged paper capacitors in the
range of frequencies from LOO cycles/second to 10 kilocycles.

A correlation between commmtation capacitor losses while subjected
to complex waveforms and from simisoidal waveforms has been obtained,
High frequency ripple on capacitor waveforms can cause excessive
heating if the RMS volt-ampere products are appreciable,

Capacitors subjected to sinusoidal or commutation curremt duty appli-
cations should have maximm dissipation factors specified for the
temperature and frequencies of interest to facilitate prediction of
verformance,
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APPENDIX A

Capacitor Test Data

A calibration data curve for the calorimeter used in capacitor testing is
shown in Figure A«l, These data used in plotting this curve were obtained
by recording calorimeter fluid temperature versus time,

Figure A=2 illustrates a calorimeter data curve for a capacitor energized with
a simisoidal voltage of 25 volts RMS at 5 kilocycles in a 25°C ambient, Curves
of this type were obtained at each test frequency for determining the capacitor
dissipation factor characteristic,

Impedance bridge data for three (3) groups of five (5) capacitors each are
tabulated in Tables A-l, A~2, and A-3, Dissipation factor correction factors
were obtained by taking ratios of the bridge data at the test frequencies for
the capacitor tested in the calorimeter and the other four (L) capacitors in
the group times the calorimeter data,

Figure A3 is a photograph of the impedance bridge and associated test equip-
ment,
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APPENDIX B

Analysis of Commrbatiqg Capacitor Iosses

From Figure 9, the commmutation current pulse duration is h?.S microseconds,
The shape of this pulse approximates a quarter sine wave with a frequency of

f=]l =] = 5,28 kilocycles
It L{h7.5)x10-0sec

The approximate shape of the voltage waveform during the commtation current
pulse interval is cosimusoidal, The RMS volt~ampere product for these appro.
ximate wave functions during the commutation interwal is derived in Figure 11
and mmerically is 16,6 volt.amperes,

Analysis of the RMS voltage and current from the commtating capacitor wave-
forms is described in section 3,1 of this report, Squared values for a portion
of the voltage and current waveform are illustrated in Figure 9 The sums

of the squared volt-second and ampere-second values from the waveform pictures
are:

(1) h,SOSEdeZoltgusec = 1820 volt2
(2) 6646 amp-usec = 2,655 amp?

usec
Vs = 1820 = 42,6 volts
Trms = \’[2.655 = 1,63 amps

The capacitor loss associated with the commitation pulse at 5,28 kilocycle
frequency from Figures 11 and 7 is:

VI (D.F.) = (11,8) (1,41) (,0185) = 0,307 watts

Subtracting the 11,8 volts rms and 1,41 amps RMS during the commtation interval
leaves:

12,6 = 11,8 = 30,8 Volts rms
1,63 = LUl = 0,22 amps s
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The product of the RMS voltage and current associated with the ripple and the
capacitor dissipation factor determined with sinusoidal voltages at the ripple
frequency yields:

(1) Dissipation Factor from Figure 7 for 80 kilocycles = 9,9%
(2) vi (o, F,) = (30,8) (0.22) (,099) = 671 watts
The sum of the watts attributed to the ripple and commtating pulse is:

0,307 watts (commutation pulse)
0,671 watts (ripple)
0.978 watts

The measured commutation capacitor loss in the calorimeter was 0,91 watts
and favorable agreement, within 7,5 percent of this loss, was achieved with
the described analysis,





